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Abstract. The interstellar medium of Centaurus A 
(NGC 5128) has been studied extensively in recent years, 
using mostly molecular lines tracing low to medium den- 
sity gas (500 to several 10 3 cm -3 ). The amount and distri- 
bution of the dense molecular gas was largely unknown. 
Here we present new millimeter data of the HCN(l-O), 
CS(2-1), and CS(3-2) rotational transitions towards the 
nearby radio galaxy Centaurus A observed with the SEST 
on La Silla, Chile. We obtained spectra of the HCN(l-O) 
emission which traces dense 10 4 cm -3 molecular gas at 
the center and along the prominent dust lane at offset po- 
sitions ±60" and ±100". We also obtained a few spectra 
of CS(2-1) and (3-2) tracing densities of -10 5 cm -3 . The 
emission in these lines is weak and reaches a few mK at 
the available angular resolutions of 54" - 36". At the cen- 
tral position, the integrated intensity ratio I(HCN)/I(CO) 
peaks at 0.064, and decreases to ~0.02 to 0.04 in the dust 
lane. 

Using the new high density tracer data, we estimate 
the amount, distribution and physical conditions of the 
dense molecular gas in the dust lane of Centaurus A. 
We find that Cen A and the Milky Way are compara- 
ble in their HCN(l-O) line luminosity. However, towards 
the nucleus the fraction of dense molecular gas measured 
via the line luminosity ratio L(HCN)/L(CO) as well as 
the star formation efficiency £fir/£co is comparable to 
ultra- luminous infrared galaxies (ULIRGs). Within the 
off-nuclear dust lane and for Cen A as a whole these quan- 
tities are between those of ULIRGs and normal and in- 
frared luminous galaxies. This suggests that most of the 
FIR luminosity of Centaurus A originates in regions of 
very dense molecular gas and high star formation effi- 
ciency. 
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1. Introduction 

Centaurus A (NGC 5128) is the closest radio galaxy (dis- 
tance 3.5 Mpc, 1" = 17 pc, Soria et al. 1996, Hui et 
al. 1993, Israel 1998, Ebneter & Balick 1983, de Vau- 
couleurs 1979) and exhibits a very prominent dust lane. 
Centaurus A is a strong radio galaxy with a milliarcsec- 
ond nuclear continuum source (Kellermann et al. 1997; 
Shaffer & Schilizzi 1975; Kellermann 1974) and two gi- 
ant radio lobes. Absorption against the nuclear source has 
been found in HI (van der Hulst et al. 1983) and many 
molecular species and transitions (Gardner & Whiteoak 
1976; Whiteoak & Gardner 1971; Bell & Seaquist 1988; 
Seaquist & Bell 1986, 1990; Phillips et al. 1987: Eckart et 
al. 1990a; Israel et al. 1990, 1991; Wild et al. 1997; Wiklind 
& Combes 1997). 

Several studies of Centaurus A in the millimeter wave- 
length range have been carried out. Although other ellip- 
tical galaxies with dust lanes have recently been detected 
in CO (Sage & Galleta 1993), Centaurus is the best object 
for a detailed study due to its proximity and corresponding 
large angular size. Phillips et al. (1987) and Quillen et al. 
(1992) observed several positions in the CO(2-l) line along 
the dust lane at a resolution of 30". In previous papers we 
presented a fully sampled map of the 12 CO (1-0) emission 
together with IRAS observations of the FIR continuum 
(Eckart et al. 1990b), measurements of the millimeter ab- 
sorptions lines towards the nucleus (Eckart et al. 1990a; 
see also Wiklind & Combes 1997), and a 12 CO(2-l) map 
along the dust lane at a resolution of 22" (Rydbeck et al. 
1993). 

In Wild et al. (1997) we presented the first fully sam- 
pled 13 CO(1-0) map along the dust lane of Centaurus A, 
as well as single spectra of the 13 CO (2-1) emission in the 
disk and C 18 O(l-0) emission at the central position. These 
new data allowed us, in combination with the 12 CO (1-0) 
and 12 CO(2-l) maps obtained earlier, to study the excita- 
tion conditions of the molecular gas in detail throughout 
the dust lane. Using different CO line ratios and their 
variation across the disk of Centaurus A, we inferred the 
physical parameters of the molecular ISM and their spatial 
variations. 
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Fig. 1. Beam positions at which the dense molecular gas 
in the dust lane of Centaurus A has been investigated. 
Shown is the beam for the HCN J=l-0 measurements. 

Here we extend our investigation to the very dense (10 4 
to 10 5 cm~ 3 ) phase of the molecular gas by observing line 
emission of the density tracers HCN and CS towards the 
nucleus and the off-nuclear dust lane in Centaurus A. 

2. Observations 

The observations were carried out in two observing runs 
in January 1996 and January 1998 with the 15m Swedish 
ESO Submillimctcr Telescope (SEST) on La Silla, Chile. 
The adopted central position for Centaurus A was a(1950) 
= 13 h 22 m 31.8 s and (5(1950) = -42°45'30". We observed 
the 12 CO(1-0), HCN(l-O), CS(2-1), and CS(3-2) molecu- 
lar line emission and absorption towards the central non- 
thermal continuum source and selected positions in the 

Table 1. Observational parameters 



Transition 


offset 


integration 


rp* 

A, max 


At> 




RA, Dec 


time 








(arcsec) 


(min) 


(mK) 


(km/s) 


HCN(l-O) 


+ 105,-73 


178 


<2.0 






+79,-55 


460 


4.0 


230 




+50,-25 


396 


5.0 


190 




0,0 


252 


8.5 


390 




-52,+37 


836 


3.8 


170 




-79,+55 


360 


4.0 


170 


CS(3-2) 


+50,-25 


1644 


0.9 


250 




0,0 


712 


3.8 


105 


CS(2-1) 


-52,+37 


288 


3.0 


135 
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Fig. 2. HCN J=l-0 spectra along the dust lane of Cen- 
taurus A. Offsets are given relative to the center position 
a(1950) = 13 h 22 m 31.8 s , 5(1950) = -42°45'30" 
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per wheel method (Kutner & Ulich 1981). We used main 
beam efficiencies t?mb,89GHz = 0.75, ?7mb,97GHz = 0.73, 
??MB4i5GHz = 0.70, and ?7mb,147GHz = 0.66 for the con- 
version from antenna temperature to Rayleigh-Jeans main 
beam brightness temperatures. The pointing was accurate 
to within 3". It was checked frequently on the nuclear con- 
tinuum source of Centaurus A, and the nearby (distance 
~ 17°) SiO maser W Hya. Fig. [I] shows the positions in 
the dust lane of Centaurus A at which the dense molecu- 
lar gas has been investigated. Fig. || and Fig. || show the 
HCN J=l-0 and CS spectra along the dust lane. Tabic [l] 
gives parameters of the observed spectra. 
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Fig. 3. CS 3—3-2 and 3—2-1 spectra along the dust lane 
of Centaurus A. Offsets are given relative to the center 
position a(1950) = 13 fe 22 m 31.8 s , 5(1950) = -42°45'30" 

dust lane. We used the 3 mm and 2 mm SIS receivers 
with system temperatures around 140 K and 180 K, re- 
spectively, and beam widths ranging from 34" (FWHM) at 
147 GHz to 56" at 89 GHz. We observed in the dual beam 
switching mode, i.e. a chopper wheel switched between 
two positions on the sky displaced by about 12 arcmin- 
utes in azimuth. First the source was placed in one beam 
and then in the other beam. The backend was the low 
resolution acousto-optical spectrometer with a bandwidth 
of about 1 GHz in 1440 channels. The separation between 
channels was 0.7 MHz, and the actual spectral resolution 
1.4 MHz (4.7 km/s at 89 GHz). We adopted the LSR ve- 
locity scale. The system was flux calibrated with the chop- 



3. Analysis 

In order to measure the mass of dense molecular gas and 
therefore the star formation potential in the dust lane of 
Centaurus A we observed HCN and CS line emission. Both 
molecules trace higher density gas than CO, since they 
have large dipole moments and require n(H2)>10 4 cm~ 3 
for significant excitation. The analysis is done by calcu- 
lating the line luminosities and estimating from them the 
amount of dense molecular gas. These properties are then 
discussed and compared to data from the Milky Way and 
external galaxies. 

Line luminosities can be obtained from the integrated 
line intensities I\i ne = J Tmb x Sv via 

ilinc = -fline D 2 f2 , (1) 

where Tmb is the main beam brightness temperature, 
D is the distance to the source and £1 is the solid angle of 
the beam convolved with the source. 

Using radiative transfer solutions (e.g. Kwan & Scov- 
ille 1975, Linke & Goldsmith 1980), assuming that the 
HCN and CS line emission traces gravitationally bound or 
virialized clouds with a density range of a few 10 4 cm' 3 
to a few 10 5 cm -3 and kinetic temperatures between 10 
to 60 K. Solomon et al. (1990, 1992) present relations be- 
tween the mass of molecular gas at these densities and the 
corresponding observed line luminosity as defined above. 
For HCN(l-O) they find in their 1992 paper 

A/hcn ~ 20±ig x Lhcn M q (K km s" 1 )' 1 (2) 

and for CS(2-1) they derive in the 1990 paper 

M CS ~ (35 - 150) x L CS Mq (K km s" 1 )" 1 . (3) 

The assumptions made above are likely to be valid 
for the molecular ISM in Centaurus A as well. This can 
be based on the fact that, according to radiative trans- 
port calculations (Eckart et al. 1990a), the lower density 
molecular gas - as traced by CO isotopic emission - has 
similar properties compared to those in Galactic GMCs 
and galaxies with indications for enhanced star formation 
activity. 
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Table 2. HCN/CO Line Ratios in Centaurus A 



offset 
(RA, Dec) 
(arcsec) 


distance 
from center 
(arcsec) 


I(CO) 
(K km/s) 


I(HCN) 
(K km/s) 


I (HCN) 
I(CO) 


+105, -73 


128 


16.4 


<0.40 


<0.024 


+79, -55 


96 


34.4 


1.27 


0.037 


+50, -25 


56 


63.1 


1.27 


0.020 


0, 





69.0 


4.40 


0.064 


-52, +37 


-64 


50.1 


0.85 


0.017 


-79, +55 


-96 


27.3 


0.91 


0.033 



Intensities are given in J Tmb x 5v. 

Last column gives ratios. The assumed main beam efficiencies are ??mb,89GHz=0.75 and »7mb,ii5GHz=0.70. 
Table 3. CO, HCN, and FIR luminosities 



distance 
from center 
(arcsec) 


Leo 
10 6 (Li) 


Lhcn 
10 6 (Li) 


Lfir 
10 9 L 


l fir 

L co 


Lhcn 
L co 


128 


7.5 


<0.31 


0.6 


80 


<0.04 


96 


15.7 


1.00 


0.6 


38 


0.06 


56 


29.0 


1.00 


1.2 


41 


0.03 





31.7 


3.47 


1.8 


57 


0.11 


-64 


23.0 


0.67 


1.2 


52 


0.03 


-96 


12.5 


0.72 


0.6 


48 


0.06 


total 


92 


52 


6.0 


65 


0.06 



"pc 2 



Li = (K km s^ 1 ) 

Intensities are given in J Tmb X Sv. The assumed main beam efficiencies are r;MB,g9GHz=0.75 and »?mb,ii5GHz=0.70. 



Although the mass estimates derived using the rela- 
tions given above include considerable uncertainties they 
can be used as a general guide line to investigate the 
properties of the dense interstellar medium. The assumed 
kinetic temperature range appears to be appropriate for 
the dense star forming ISM in Centaurus A. Eckart et al. 
(1990b), Joy et al. (1988), as well as Marston & Dickens 
(1988) give dust temperatures in the dust lane in the range 
of 40 K. From the HCN(l-0)/HNC(l-0) ratio of about 2, 
Israel (1992) introduces kinetic temperatures of the order 
of -25 K. 

Tabic U lists the integrated line intensities J Tmb x 
6v for the HCN(l-O) and the CO(1-0) line emission, as 
well as the ratios I(HCN) /I(CO) corrected for main beam 
efficiencies. In Table | we list the CO(1-0) and HCN(l-O) 
line luminosities as well as the estimated FIR luminosities 
Lfir as a function of position and as estimated quantities 
integrated over the dust lane. Table [l| lists line intensities 
/ Tmb x Sv and luminosities (corrected for main beam 



efficiency) for CS(2-1) and CS(3-2) lines we measured at 
a few positions. Table || lists the mass of dense molecular 
gas as derived from the line luminosities and Eqs. (2) and 
(3). 

4. Results and Discussion 

4-.1. Dense gas traced by HCN 

HCN traces molecular gas at much higher density of about 
~10 4 cm- 3 than CO (~500c m - 3 ). In Cen A the HCN 
emission within the dust lane is clearly detected over a 
similar velocity range as CO (ulsr=250 - 850 km/s). The 
HCN emission, however, is stronger peaked on the nucleus 
compared to the CO emission. In Fig. |^ we compare the 
spatial variation of the intensity ratio I(HCN)/ I(CO) as it 
is observed in Cen A and M 51 (Kohno et al. 1996). At the 
central position, the integrated intensity ratio I(HCN)/ 
I(CO) peaks at 0.06, and decreases to —0.02 to 0.04 in 
the dust lane. Ratios of the order of 0.1 or higher are only 
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Fig. 4. Comparison of the HCN(l-O) to CO(1-0) line in- 
tensity ratio in M51 (Kohno et al. 1996) and Cen A as a 
function of position. The central ratio in Cen A is of the 
order of 0.1. Assuming than the HCN(l-O) line emission 
is concentrated on the nucleus the HCN(l-O) to CO(1-0) 
line intensity ratio will probably rise (as indicated by the 
arrow) if high angular resolution interferometric observa- 
tions become possible. 

Table 4. CS line intensities and luminosities 



distance 
from ctr 
(arcsec) 


^GS(S-l) 

K km s" 1 


^CS(3-2) 

K km s" 1 


£CS(2-1) 

10 5 L : 


£cS(3-2) 

10 s Li 


56 




0.33 




0.9xlO b 







0.61 




1.7xl0 5 


-64 


0.55 




3.5xl0 5 




total 








5.4xl0 5 



Intensities are given in J Tmb x 5v corrected for 

V mb, i47GHz =0.66 and ??mb,97GHz=0.73. 

Line luminosities are given in L\ = (K km s -1 ) -1 pc 2 . 

The total CS(3-2) line luminosity has been derived assuming 

that the off-center measurements are representative for all of 

the dust lane which is 180" in length in the CO(1-0) map 

(Eckart et al. 1990a). 



observed in active nuclear regions of Seyfert galaxies and 
ULIRGs (Kohno et al. 1996; Solomon et al. 1992; Nguyen- 
Q-Rieu et al. 1992; Heifer & Blitz 1993, 1995; Jackson et 
al. 1993; Tacconi et al. 1994; Sternberg et al. 1994). 

The ratio of HCN to CO luminosity is 1 /6 for ULIRGs, 
but only 1/80 in normal spirals (Solomon et al. 1992). For 
Cen A the HCN to CO luminosity is L C o/£hcn = 1/13 
and therefore closer to the value for ULIRGs than normal 
spirals. 
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Fig. 5. Centaurus A has the same ratio of FIR to HCN 
luminosity as ULIRGs (dots in circles) and normal spi- 
rals (simple dots; Solomon et al. 1992). In both quantities 
Cen A and the Milky Way are very similar. 
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Fig. 6. Comparison of the fraction of dense gas to the star 
formation efficiency (Solomon et al. 1992). The nucleus 
of Cen A has properties of ULIRGS and the bulk of the 
dust lane falls between ULIRGS and normal or interacting 
galaxies. Symbols are the same as in Fig. |[ 
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Table 5. Dense molecular gas mass traced by HCN and 
CS 



distance from 


Mhcn(# 2 ) 


M C s{H 2 ) 


center (arcsec) 


10 7 M Q 


1O 7 M 


128 


<0.6 




96 


2.0 




56 


2.0 


0.8 





4.3 


1.6 


-64 


1.3 




-96 


1.4 




total 


8.6 


5.0 



Masses have been derived via line luminosities and Eqs. 2 and 
3. Systematic errors are +150% and -50% for Mhcn(^2) and 
±40% for Mcs(H2). The total masses have been derived as- 
suming that the off-center measurements are representative for 
all of the dust lane which is 180" in length in the CO (1-0) map 
(Eckart et al. 1990a). 



Fig. |5| shows that Centaurus A has the same ratio of 
FIR to HCN luminosity as ULIRGs and normal spirals, 
including the Milky Way. This is also true for the center 
and the off-positions in the dust lane. This suggests that 
in Cen A the star formation rate per mass of dense gas is 
in good approximation independent on the position and 
infrared luminosity within the dust lane. 

Detailed observations (Lee et al. 1990) of Galactic 
CMC's show that the average CS(2-1)/CO(1-0) intensity 
ratio is -1/300. Since HCN(l-O) is usually 1.5 to 2 times 
stronger than CS(2-1) and has larger source sizes Solomon 
et al. (1992) adopt an HCN(1-0)/CO(1-0) ratio of -1/100 
for the molecular ring in the Galactic disk. This results 
in a HCN luminosity for the Milky Way of about 4xl0 6 
K km s -1 pc 2 which is quite comparable to what we find 
for Centaurus A with 5.5xl0 6 K km s _1 pc 2 . 

In Fig. ^ we show the position of Centaurus A in a 
plot of log(L}icN I Leo) which measures the fraction of 
dense gas and log(LFm/ Lqo) which measures the effi- 
ciency with which molecular gas is transformed into OB 
stars (Solomon et al. 1992). This plot includes ULIRGs 
as well as normal and infrared luminous galaxies. We find 
that as a whole Cen A fits very well into this correla- 
tion and is located between both groups. This is also true 
for the disk at angular separations of about 60" and 90" 
from the center. However, towards the nucleus the fraction 
of dense molecular gas measured via the line luminosity 
ratio L(HCN)/L(CO) as well as the star formation effi- 
ciency Lfir/Lco is more comparable to ULIRGs rather 
than normal and infrared luminous galaxies. This suggests 
that most of the FIR luminosity of Centaurus A originates 



in regions of very dense molecular gas and high star for- 
mation efficiency. 

The HCN line luminosity can now be used to estimate 
the amount of dense (10 4 cm -3 ) gas via Eq. (2). From the 
HCN line luminosity we find a total mass of molecular gas 
that must be at densities >10 4 cm~ 3 of 8.6t\ 3 X 1O 7 M . 
This has to be compared to the total molecular gas mass 
derived from the 12 CO(1-0) line of 2xlO 8 M (Eckart et 
al. 1990a). The comparison shows that a large fraction - 
approximately one third - but at least one sixth - of the 
molecular line emission in Cen A must originate from sites 
with abundant dense molecular gas. The ratio of molecu- 
lar gas mass at densities of >10 4 cm -3 to gas at —300cm -3 
is about 1/20 in the Galaxy and almost unity for ULIRGs 
(Solomon et al. 1992). Based on this quantity the physi- 
cal conditions of the dense molecular ISM in Cen A are 
apparently closer to those of ULIRGs than to our Milky 
Way. The presence of a large amount of dense molecular 
gas is also supported by the fact that if one multiplies 
Mhcn(H2) by the mean Galactic Lfir/A/hcnI-^) ratio 
of 71 Mq (K km s -1 ) -1 pc 2 (Solomon et al. 1992) one ob- 
tains about 6xlO 9 L which equals the observed FIR lu- 
minosity. The implicite assumption here is that the mean 
Galactic conversion factor is applicable. Accepting this, 
the result implies that active star formation in the dust 
lane of Cen A is the actual source of its FIR luminosity 
and that the AGN which is responsible for strong radio 
and X-ray radiation is not contributing substantially. 

4-2. Dense gas traced by CS 

The CS(2-1) and CS(3-2) lines trace even denser molecular 
gas at 10 5 cm~ 3 . The problem is that CS line emission is 
quite weak. Detections of CS in extra-galactic sources are 
sparse. In the sample of normal and interacting galaxies 
and ULIRGs Solomon et al.(1992) detected CS line emis- 
sion only in Arp 220. For Cen A we find a total CS(3-2) line 
luminosity of £cs(3-2) ~ 5.4 x 10 5 K km s _1 pc 2 . The ratio 
of the CS to CO line luminosity is then £cs(3-2)/£co ~ 
1/170, very similar to the value of 1/250 given by Solomon 
et al. (1990) for the Milky Way. For the Galactic Center 
the same authors derive a corresponding ratio of about 
1/20 to 1/30. This indicates that the Galactic Center is 
approximately 8 to 10 times more luminous in the CS(3- 
2) line that the molecular gas in the disk. At the center 
of Cen A the Lcs(3-2) 1S 2 times higher compared to the 
off-center dust lane measurement. 

The CS(3-2) line luminosity results in a total mass 
estimate of gas at densities of 10 5 cm~ 3 of about 
M C s(3-2)(H 2 ) = (2-8)xlO 7 M . This number is in very 
good agreement with the corresponding value derived from 
the HCN(l-O) line emission. 
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5. Conclusion 

While the line luminosities of the HCN(l-O) and CS(3- 
2) as well as the FIR luminosity of the molecular gas 
in the dust lane of Cen A are quite comparable to each 
other there are definite differences in the overall fraction 
of dense molecular gas and the efficiency with which stars 
are formed from it. This star formation activity is also 
the source of the FIR luminosity of Ccn A. About 40% or 
even more of the total molecular line luminosity in Cen A 
originates in dense gas. This suggests that star formation 
as well as the bulk of the dense molecular gas is mostly 
concentrated in GMC complexes rather than in a more dif- 
fuse molecular gas component. This is already indicated 
by the ring-like distribution of HII region found by Gra- 
ham (1979) as well as the MEM deconvolved 12 CO(2-l) 
line emission mass by Rydbeck et al. (1993). 

We also note that with respect to other positions in 
the dust lane the I(HCN)/I(CO) ratio is larger at sep- 
arations of about 100" from the nucleus rather than at 
separations of about 60". The larger distance is close to 
the inner edge of the ring of HII regions and corresponds 
well with the position of the folds in the warped molec- 
ular gas disk of Centaurus A (Quillcn et al. 1992, 1993; 
Sparke 1996) and an increased intensity in the 15/xm con- 
tinuum dust emission (Block & Sauvage 2000; Mirabel et 
al. 1999). Therefore a higher I(HCN)/I(CO) ratio may be 
due to a combination of enhanced star formation efficiency 
at these positions and an increase in column density due 
to the folds. Due to the low intrinsic velocity dispersion of 
the thin molecular disk (Quillcn et al. 1992) and due to 
the fact that the 12 CO line emission is originating in opti- 
cally thick molecular gas (Wild et al. 1997) this may lead 
to shadowing of molecular clouds along the line of sight 
toward the folds. This effect will be stronger for 12 CO than 
for the small, dense cloud cores seen in the less abundant 
HCN line emission. This effect may therefore lead to an 
intensity decrease in the 12 CO line and an increase in the 
HCN(l-O) line, resulting in the observed variation of the 
I(HCN)/I(CO) line ratio. 

Future intcrferometric measurements will allow us to 
study the distribution of molecular gas in the dust lane 
of Centaurus A in much greater detail. Line ratios, lumi- 
nosities and star formation can then be investigated for 
individual GMC complexes. 
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